The objective of this study was to evaluate correlated responses in conceptus development and traits physiologically relevant for placental function in swine from a selection experiment that resulted in differences in placental weight (PW) and effi ciency (PE = birthweight/placental weight). Generation 3, second parity females from 2 lines with a history of selection on an index predicting either high PE (HPE) or low PE (LPE) were mated within line to produce Generation 4 litters for evaluation at d 30, 50, 70, 90, and 110 of gestation (n = 5/line × d combination). Maternal and fetal traits were analyzed by using a model including the fi xed effects of line and gestational age, and the random effect of sire within line. Uterine length was not different between lines at any gestational age, but increased (P = 0.06) from 275.0 ± 23.1 cm at d 30 to 338.3 ± 23.3 cm at d 50, and remained relatively unchanged to d 110. Fetal weight was not different between lines from d 30 to 90, but was less (P = 0.02) in HPE than LPE at d 110 (1,280.6 ± 77.0 vs. 1,551.1 ± 75.3 g, respectively). Crown-rump length was not different between lines from d 30 to 70, but tended (P = 0.09) to be longer in HPE than LPE at d 90 (265.8 ± 8.8 vs. 241.2 ± 10.6 mm, respectively) and was shorter (P = 0.04) in HPE than LPE at d 110 (290.6 ± 5.0 vs. 304.9 ± 4.5 mm, respectively). Placental weight increased in both lines from d 30 to 50, at which point it remained relatively unchanged through the rest of pregnancy, except in LPE that showed a second increase from d 90 to 110. As a result, placental weight was not different between lines from d 30 to 90, but was less (P < 0.01) in HPE than LPE at d 110 (244.6 ± 32.3 vs. 379.2 ± 24.5 g, respectively). Line differences in placental effi ciency were not signifi cant at any gestational age. Implantation site length increased slowly for both lines from d 30 to 90, where it remained unchanged to d 110. Implantation site area was greater (P < 0.05) in HPE than LPE at d 30 and 50, but was not different between lines for the remainder of pregnancy. These results suggest that in Western breeds, a reduction in placental weight through selection is not accompanied by compensation in placental nutrient transfer and may result in decreased prenatal survival.
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INTRODUCTION
In swine, there are more viable embryos at 30 d of pregnancy than piglets born at term (Fenton et al., 1972; Knight et al., 1977; Pope, 1994) . The maximum number of fetuses a female can support through pregnancy is termed uterine capacity and is considered the limiting factor to increasing litter size (Bennett and Leymaster, 1989) . Placental function in nutrient supply is highly dependent on blood fl ow and area of placental exchange (Schneider, 1991) , making endometrial surface area available for placentation a critical factor in prenatal survival and, thus, uterine capacity in swine (Wrathall, 1971) . Placental surface area has a high, positive correlation with placental weight (Knight et al., 1977) . For that reason the ratio of birth weight to placental weight has been used as an indicator of placental effi ciency (Leiser and Kauffmann, 1994; Ford, 1997; Biensen et al., 1998; Wilson et al., 1999; Vallet et al., 2001) .
In the prolifi c Meishan breed, there is a positive association between litter size and placental effi ciency (Ashworth et al., 1990; Biensen et al., 1998; . Similar results were reported after one generation of selection for placental effi ciency (Wilson et al., 1999) , but results from other genetic selection experiments suggest that the same association is not present in Western breeds (Vallet et al., 2001; Mesa et al., 2003; Mesa et al., 2005) . The objective of this study was to evaluate correlated responses in conceptus development and traits physiologically relevant for placental function through gestation in animals from a 4-generation selection experiment for an index of reproductive components that resulted in differences in placental weight and effi ciency.
MATERIALS AND METHODS
Management of animals was done in accordance with approved procedures at the University of Missouri South Farm Swine Pasture Unit (MUIACUC protocol # 3198). Second parity females from Generation 3 (n = 50) of a selection experiment for an index of reproductive components were mated within line to produce Generation 4 litters for evaluation. The selection procedures and results were described previously (Mesa et al., 2005) . Briefl y, divergent selection was performed in a Duroc × Landrace -Yorkshire crossbred population on an index that included total number born, birth weight, and placental weight. Animals were ranked on this index, and the highest and lowest ranking individuals within line were selected to produce divergent lines with either high (HPE) or low (LPE) placental effi ciency, calculated as the ratio of birth weight to placental weight. Selection produced signifi cant genetic and phenotypic differences between lines in placental weight and placental effi ciency. The differences in placental effi ciency resulted from piglets of similar weight associated with smaller placentas in the HPE line.
All females that produced Generation 4 of the selection experiment (n = 28), and females that did not farrow within the time period designated for data collection (n = 22), were heat checked once daily with a mature, intact boar. Sows were hand-mated to boars of the same line at the onset of behavioral estrus and again 24 h later. Pregnant females remained in dirt lots until transported to the University of Missouri (Columbia) abattoir to be slaughtered on the scheduled day. Animals were fed a corn-soybean meal-based diet formulated to meet or exceed nutritional requirements (NRC, 1998) . Five females per line were slaughtered at each d 30, 50, 70, 90, and 110 of gestation. These 5 gestational ages were chosen to represent the completion of the placentation process (d 30; Marrable, 1971; Leiser and Dantzer, 1988) , the beginning (d 50) and end (d 70) of a period with high incidence of fetal death due to competition for space among fetuses (Knight et al., 1977) , a period of rapidly increasing fetal demands (d 90; Ford, 1997; Wilson et al., 1998) , and a point close to parturition (d 110).
Females were, on average, slaughtered within 1 d of the target gestational age.
After slaughter, the reproductive tract was removed, placed on ice, and transported to the laboratory for processing. The broad ligament was removed and the uterine horns extended. Each ovary was dissected to count the number of corpora lutea to estimate ovulation rate (OR). Each uterine horn was then measured along the internal curvature from the junction with the cervix to the uterotubal junction, and uterine length calculated as the sum of both values. The uterus was fi nally opened along the antimesometrial border to expose its contents and evaluate other maternal traits, including total number of fetuses, number of viable fetuses (VF), number of dead fetuses including mummies, and survival rate calculated as [VF/OR] • 100. For each female, the total length of uterus occupied by live fetuses, dead fetuses or mummies (TO), and total unoccupied (TU) length of the uterus was measured, and the proportion of uterine length occupied by fetuses (PO) was calculated.
Fetuses were removed, the umbilicus cut at the fetus, and sex, weight (FW), and crown-rump length recorded. Placentas were stripped from the endometrium and weighed (PW). Placental effi ciency (PE) was calculated as the ratio FW:PW. Implantation site length was measured as the length of the vascular area of the uterus associated with each placenta. Implantation site area was measured by cutting the uterine wall around the vascular implantation site for each conceptus, spreading the tissue on heavy paper, and drawing its contour. All placental outlines were then scanned into an electronic format and sent to the Center for Environmental Technology at the University of Missouri (Columbia) where ER Mapper software v6.1 (Earth Resource Mapping Inc., San Diego, CA) was used to determine the area of the implantation site.
Three conceptuses per horn were randomly chosen for collection of cross-section samples of uterus plus trophoblast for histology. When possible, liver and stomach weight were also recorded for these fetuses. Samples collected for histology were fi xed for 36 h in 10% buffered formalin and dehydrated in ethanol solutions with ascending concentration of 25 (30 min), 50 (1 h), and 70% (1 h). Samples were then sent to the Research Animal Diagnostic Laboratory of the University of Missouri (Columbia) to be embedded in paraffi n, sectioned at 5 μm, stained with PAS (Periodic Acid-Schiff's), and counter stained with hematoxylin.
Two pictures were taken of each histology plate at 100×, and the images in .jpeg format were processed with Adobe Photoshop 6.0 (Adobe Systems Inc., San Jose, CA) to extract the border and background and highlight the vascular bed, uterine glands, and total endometrial surface. From each picture 3 copies were made; in 1 copy the total endometrial area was highlighted, and in the other 2 copies the area occupied by uterine glands or blood vessels was highlighted. All images were transformed to a monochromatic format and using a turbo C program, the number of black pixels was quantifi ed to estimate total endometrial area (TOT), and endometrial vascular area (EVA) and endometrial glandular area (EGA) expressed as proportions of TOT. Additionally, the number of glands and blood vessels was counted in a section of 1 mm 2 delimited on the maternal side of the interface. Values obtained from each conceptus were averaged before statistical analyses.
Statistical analyses were performed by using the MIXED procedure (SAS Inst. Inc., Cary, NC). Maternal and fetal traits were analyzed by using a model including the fi xed effects of line and gestational age, and the random effect of sire within line. Sex was initially fi tted in the model for fetal traits but not found to be a signifi cant source of variation so dropped from the models. The GROUP option of the MIXED procedure was used to account for unequal variances across gestational age groups for all fetal traits. Table 1 .
RESULTS

Uterine
Least-squares means for fetal traits are presented in Figures 1 and 2 for all line × gestational age group combinations. Fetal weight was not different between lines from d 30 to 90, but was less (P = 0.02) in HPE than LPE at d 110 (1,280.6 ± 77.0 vs. 1,551.1 ± 75.3 g, respectively). Crown-rump length was not different between lines from d 30 to 70, but tended (P = 0.09) to be greater in HPE than LPE at d 90 (265.8 ± 8.8 vs. 241.2 ± 10.6 mm, respectively) and was less (P = 0.04) in HPE than LPE at d 110 (290.6 ±5.0 vs. 304.9 ± 4.5 mm, respectively). Line differences were not signifi cant at any gestational age for liver weight or stomach weight.
Placental weight increased in both lines from d 30 to 50, at which point it remained relatively unchanged through the rest of pregnancy, except in LPE that showed a second increase from d 90 to 110. As a result, placental Figure 1 . Least-squares means by line and gestational age for fetal weight, crown-rump length, liver weight, and stomach weight. Note the change in scale between gestation d 30 and 50 in fetal weight and liver weight. * P < 0.05, † P < 0.10 within gestation day. weight was not different between lines from d 30 to 90, but was less (P < 0.01) in HPE than LPE at d 110 (244.6 ± 32.3 vs. 379.2 ± 24.5 g, respectively). Line differences in placental effi ciency were not signifi cant at any gestational age. Implantation site length increased slowly for both lines from d 30 to 90, where it remained unchanged to d 110. Implantation site area was greater (P < 0.05) in HPE than LPE at d 30 and 50, but was not different between lines for the remainder of pregnancy.
There was no effect of line or the interaction of line × gestational age on EVA, EGA, or number of endometrial glands. However, the interaction of line × gestational age did affect (P < 0.01) the number of blood vessels in the fetomaternal interface. In the fi rst third of gestation, the LPE line reached a peak in the number of endometrial vessels, while the HPE line reached its peak at 70 d of gestation.
There was an effect (P < 0.01) of gestational age on EGA; the area occupied by endometrial glands progressively increased through gestation, with values twice as high at d 110 than at d 30. However, the number of endometrial glands decreased (P < 0.01) through gestation.
DISCUSSION
In this experiment, fetal traits such as weight, crownrump length, and liver and stomach weight showed a numerical tendency to be greater in HPE than LPE up to d 90 of pregnancy. This tendency fi ts the known history of 4 generations of selection for a greater BW at birth in HPE and for lesser BW at birth in LPE. Vallet and Freking (2006) observed greater relative liver growth in a line selected for uterine capacity on d 45 and 65 of gestation, and reported that fetal liver weights were hypersensitive to differences in fetal weights on d 45. Between d 90 and 110 the tendency observed in this study was reversed to the extent that fetal weight and crown-rump length were greater in LPE than HPE. During the same period (d 90 to 110), placental weight remained relatively constant in HPE, but increased in LPE fi tting the expectation of a line selected for higher placental weight at birth. This last observation is similar to that observed in a comparison of Meishan and Yorkshire conceptuses, in which Yorkshire placentas increased in size between d 90 and 110, while Meishan placentas increased vascularity to maintain fetal growth . Because fetal weight is highly dependent on placental weight (Knight et al., 1977) , a heavier placenta in LPE may explain the presence of heavier fetuses at d 110 in this line. The increase in placental weight observed in this study between d 90 and 110 in line LPE agrees with that observed in a study of crossbred Western breeds (Vonnahme et al., 2001) , while the growth pattern in HPE resembles that of the Meishan pig .
Increased placental weight in LPE is not associated with increased implantation length or implantation site area. These results indicate that reduction of placental weight in Western breeds is not accompanied by the appropriate physiological response to ensure fetal survival through pregnancy.
Data about birth weight, placental weight, and placental effi ciency had been already collected during the selection phase of the experiment from 28 of the females that produced the litters in this study. In that analysis, no line differences were detected in birth weight, but placental weight was higher (P < 0.05) in LPE, resulting in a greater (P < 0.10) placental effi ciency in HPE (Mesa et al., 2005) . Those results contrast with this study's results at d 110, which are a higher fetal weight at d 110 in LPE along with higher placental weight resulting in an absence of line differences in placental effi ciency. These results may be explained in terms of parity number and age differences. On average, females produced their fi rst litter at 1.5 yr of age, and the second litter was produced between 6 and 12 mo later. It is conceivable that in gilts, uterine space limited the growth of the placenta in LPE and thus limited the effect of a heavier placenta on birth weight. By contrast, longer uteri at parity 2 (P2) allowed the placenta in LPE to express more of its growth potential and resulted in an increased fetal weight. A second and complementary possibility is that uterine blood fl ow is greater in older females, therefore infl uencing the total mass of fetoplacental units that can be supported (Père and Etienne, 2000) .
In the selection phase of the experiment, a difference (P = 0.06) in favor of HPE of 0.6 ± 0.1 units of placental effi ciency was detected at birth (n = 186). It is likely that a smaller sample size at d 110 in this experiment (n = 115) was the cause of the failure to detect as signifi cant of a difference in favor of HPE of 1.4 ± 1.7 units in placental effi ciency. Alternatively, greater variation in PE in this experiment, in addition to sample size, may be the cause of the reduced statistical power. An F-ratio test of variances between data from gilts and P2 females supports this conclusion. Both PW and PE were more variable (P < 0.001) in conceptuses produced by P2 females, while BW variance was not different. We hypothesize that this greater variation is of biological signifi cance. If uterine space does not restrict placental growth in P2 females, individual conceptuses in both lines can express more of their intrinsic potential for placental growth.
In the Meishan conceptus, vascular density of the placenta and the endometrium doubles between d 70 and 90 of gestation but placental surface area does not increase, while the Yorkshire conceptus doubles placental surface area between d 90 and 110 but maintains a constant placental and endometrial vascular density. In addition, Meishan and Yorkshire conceptuses gestated together in a Yorkshire uterus have similar birth weight, but the placenta of Meishan conceptuses are lighter, which results in higher placental effi ciency for Meishan conceptuses .
In gilts from a 4-breed composite line selected for uterine capacity, widths of placental folds and placental stroma were associated with fetal sizes . Overall, the placental trophoblast/endometrial epithelial bilayer was greater in placentas associated with smaller fetuses, indicating greater surface area for maternal/fetal blood supply exchange and ultimately greater placental effi ciency.
Conceptus development was studied in Generation 4 of the divergently selected population initiated by Wilson et al. (1999) . Placental weight was reported to be less at d 70 and 90 in the high line than the low and control lines, and, although fetal weight was higher in the low line at d 110, placental effi ciency was always greater in the high line (Vonnahme and Ford, 2003) . Although statistically signifi cant, a PE difference of only 0.3 units between the high and low lines at d 90 in that study was smaller than that observed in the present study. However, this difference was reported to be positively associated with differences in the expression pattern of vascular endothelial growth factor, a signaling protein related to angiogenesis, and a difference in litter size of 5 piglets (statistical signifi cance not reported; Vonnahme and Ford, 2003) . Freking et al. (2007) reported results from 11 generations of selection for increased uterine capacity. Fetal survival was higher in the line selected for increased uterine capacity compared with a control line, with the advantage occurring before d 45 of gestation and maintained through term. In the present study, growth of the placenta was observed late in gestation in the LPE line. Freking et al. (2007) also reported faster growth of the placenta late in gestation in their uterine capacity lines. This change in placental size may be too late in gestation to infl uence fetal survival and consequently litter size. Also, similar to the present study, Freking et al. (2007) reported physically stronger placental tissue in the uterine capacity line. In the present study, placentas from the HPE line were smaller, appeared to be more vascular, and better withstood physical separation from the uterus without tearing than did placenta from the LPE line.
Implications
The high prolifi cacy of the Meishan pig has been linked in part to the high placental effi ciency displayed by its conceptuses. However, it is possible that in Western breeds of pigs, the absence of physiological compensatory mechanisms will reduce the probability of prenatal survival as a result of selection for a reduced placental weight. Selection for increased placental efficiency is thus unlikely to result in a correlated increase in litter size.
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